To investigate whether early genes other than those involved directly in DNA replication are required for efficient adenovirus recombination, pairs of viruses with deletions in Ela, Elb 496R, Elb 196R, or E4 and containing differing restriction site markers were used to infect both pernissive and non-or semipermissive ceUls. Recombination was assayed among intracellular and extracellular genomes by restriction digestion and blot hybridization. Recombination was delayed in infections of nonpermissive cells with Ela-viruses until a time consistent with the late onset of DNA replication characteristic of the cell type. This shows that Ela expression is not absolutely required for adenovirus recombination. Similar tests with deletion mutations in Elb and E4 also show that these genes are not required for efficient recombination. Taken together with earlier results showing that recombination depends on DNA replication, it is likely that adenovirus recombination is a consequence of celular repair functions acting on the substrates produced by replication.
Initial observations on the frequency of recombination between differently marked adenoviruses showed that very high proportions of recombinants could be obtained in the yield from mixed infections (15, 29, 38) . The high proportion of recombinants was in marked contrast to the very low mitotic recombination frequencies observed in mammalian cells in culture (e.g., see reference 25) , and thus it was entirely plausible that the virus encoded all the functions necessary for its own recombination. Two lines of evidence have cast doubt on this simple inference. First, it was shown that functional genes could be formed efficiently by recombination between overlapping gene fragments transfected or injected into cells (13; reviewed in reference 28) . In other words, provided the DNA substrates were in the correct molecular form, the cellular machinery could recombine them. Second, it became clear that the onset and extent of viral recombination were dependent upon viral DNA replication (39, 40) , and this suggested that the driving force behind adenovirus recombination could be the production of the single strands produced by the strand displacement mechanism of replication, an idea first proposed by Flint et al. (11) . Genetic segregation data, showing a polarity of recombination from the ends of the genome (22) , were consistent with initiation from the ends, perhaps by invasion of the displaced strand. Taken together, these results suggest a simple model for adenovirus recombination in which highly recombinogenic single strands, produced by DNA replication, invade recipient duplexes (perhaps from the ends) and the recombinational intermediates are resolved by cellular nucleases and ligase. Thus, adenoviral recombination would be a by-product of replication and would not necessarily imply the production of virus-encoded proteins specific for recombination.
However, the demonstration that DNA replication is necessary for recombination does not mean that it is sufficient, as other viral products might play a role too. By analogy with bacteriophages, candidates for rec genes would * Corresponding author.
lie among the early and delayed-early classes (27) . In this report, we examine the effects of mutations in the adenovirus Ela, Elb 196R, Elb 496R, and E4 genes upon viral recombination.
The strategy for examining the potential role of early genes in recombination is based on the use of restriction site polymorphisms, as first described by Williams et al. (37) and developed for intracellular DNA by Young and Silverstein (40) . For three of the four mutations examined, pairs of viruses containing a mutation in the desired early gene, but with distinguishable restriction sites in trans elsewhere in the genome, were constructed (Fig. 1) . Recombination in the interval between the restriction sites can be detected among the intracellular DNA from doubly infected cells by the formation of two new restriction fragments, the smaller of which is diagnostic for recombination and cannot be formed by partial digestion of the parental genomes. Essentially the same strategy was followed for E4, but the deletions used were of different origin, namely, from adenovirus type 2 (35) and adenovirus type 5 (16) , and the distinguishable restriction sites were in cis. Fig. 3 show that recombinant product can be detected first at 26.5 h postinfection and that the quantity increases up to 48 h. From the reconstruction lanes shown on the left of the figure, it can be estimated that the final level of recombinant product is between 3 and 10% of the parental bands. These results demonstrate that H5dl312 has a deletion extending from bp 448 to 1349 (inclusive), and because the promoter is missing, no Ela products are made. H2dl808 and H5dl366 both have deletions extending throughout most of the E4 coding region. ' Restriction sites refer to the Ad2-specific site used in the recombination assay. For example, LEV1 has the BamHI site at bp 10680 but is missing that at bp 15403.
d All derivations were by overlap recombination (33 (33) , and 1 ,ug was restricted with BamHI. The digest was examined by gel electrophoresis and blot hybridization essentially as described previously (39) . P and R, fragments derived from parental and recombinant genomes, respectively. Ela function is not required for homologous recombination. It has been shown previously that Ela functions also are dispensable for nonhomologous integration (32) .
Although it is clear from Fig. 3 that Ela is not absolutely required for adenovirus recombination, the results do not eliminate the possibility that adenovirus functions downstream of Ela are required, because the block to their expression in Ela-viruses is not absolute. At this level of input virus, the other early genes would be expressed, albeit in a delayed fashion and at reduced rates (26) . Indeed, limited DNA replication is evident from the intensities of the parental fragments in the autoradiographs in Fig. 3 and, to a lesser extent, in Fig. 2 , demonstrating that E2 functions are expressed. This is in accord with previous results which had strongly suggested that DNA replication was necessary for efficient recombination (39) .
To examine the role in recombination of delayed early functions, other than those required for DNA replication, viruses containing deletions in Elb 196R (21K), Elb 496R (55K), and E4 were tested in both nonpermissive and the appropriate permissive cell lines. Perhaps the most interesting observation concerns Elb 21K. Deletions in this gene have pleiotropic phenotypes, but the most relevant point for recombination is that in semipermissive cell lines, both cellular and viral DNAs are degraded (18; complete references in reference 36). Although the mechanism for the degradation is not known, it can be imagined that it might stimulate or depress recombination frequencies. KB cells in monolayer culture were infected with each pair of viruses at a MOI of 10. As a control, KB18 cells which constitutively express the Elb genes (3) were infected similarly. [21] ) with one of the recombinant configurations of BamHl sites. 1:10 and 1:100 refer to the dilution of the nucleic acid mix prior to digestion and analysis, and 0.1, 0.03, and 0.01 refer to the proportion of recombinant DNA in the total. In the original autoradiograph, a recombinant band could be detected at a proportion of 0.01 in the 1:10 dilution and at a proportion of 0.03 at the 1:100 dilution.
the cells from each infection were processed for the isolation of purified virus-encapsidated DNA, and a small sample was used for the extraction of intracellular DNA. Results with purified viral DNA show that recombination can occur in the semipermissive cells (Fig. 4 ; compare lanes 5 and 6). Although the absolute amount of recombinant product is smaller than in the permissive infection or with the wild-type pair of viruses in either cell type (lanes 7 and 8), the parental viral DNA yield is similarly reduced. This was to be expected from the fact that the yield of infectious virus was lowered some 30-fold (data not shown). Quantitation of the radioactivity contained in recombinant and parental bands showed no significant decrease in the recombinant fraction in the 21K-virus infections in the semipermissive versus permissive infections (lanes 5 and 6) . These At 48 h postinfection, cells were removed from the flasks and the majority were processed for the isolation of purified virus. Viral DNA was isolated from CsCl-banded virions. A small sample of infected cells was processed for the isolation of intracellular nucleic acid. All samples were subsequently examined as described in the legend to Fig. 2 . The headings (top to bottom) refer to the route of isolation of the DNA, the genotype of the parents, and the cell type infected. Parental (P) and recombinant (R) fragments are indicated. The anomalously migrating fragments seen in several of the samples were produced by "star" activity of the particular BamHI digestion. The small marks to the sides of the lanes are an alignment grid for excision of the recombinant and parental fragments for quantitation of recombination.
at 24 h postinfection was lower in the KB cells than in the W162 cells (data not shown), this was commensurate with the lower extent of DNA replication expected in nonpermissive cells (16, 35) . We can conclude that E4 functions do not play a major role in adenovirus recombination. Furthermore, because late protein production is severely diminished in the E4 deletion mutants (16, 35) , it is very unlikely that a late gene function is involved in recombination. Although no formal tests for recombination proficiency were conducted with deletions in E3, many common strains used in the laboratory contain such deletions, and no effects on recombination have been noted.
Taken together with earlier results (39) , it seems likely that none of the currently defined early gene functions, with the exception of those involved in DNA replication, is essential for adenovirus recombination. In the Ela-crosses, the results support previous suggestions (39, 40) that the onset of recombination is closely tied to the onset of DNA replication, as recombination was not observed until the delayed time of replication characteristic of Ela-mutations in nonpermissive cells. However, extensive replication may not be necessary for high levels of recombination. This is seen clearly in Fig. 3 , where the increase in DNA from the input level detected at 8.5 h to the final time point at 48 h is less than fivefold, yet the recombinant fraction increases from undetectable levels at 22 h to some 3 to 10% of the total at 48 h postinfection. It is important to stress that these and previous results do not rule out the possibility that the viral proteins involved in replication also have a separate role in recombination which might be uncovered by appropriate mutagenesis. Detailed examinations of the potential domains of the DNA-binding protein, DNA polymerase, and terminal protein are being conducted (9, 14, 20, 23, 24) , and it may be necessary to reexamine the role of these proteins in light of subsequent discoveries.
The inability to detect recombination prior to DNA replication, while it is one of the bases upon which we propose the model for adenoviral recombination outlined above, poses a paradox in that it has been shown that unreplicatable transfected DNA is recombined efficiently and quickly (12) .
Two trivial possibilities for the failure to detect early recombination can be considered. One is the detection limit of our blot hybridization techniques. Reconstruction experiments show that recombinant products at a level less than 0.3% of the input when a MOI of 200 is used should be detected ( Fig.   3 and data not shown) . The kinetics of the Ela cross show the appearance of about 1% recombinant product at 26.5 h, shortly after DNA replication begins, and no recombinant band could be observed at 22 h even after prolonged exposure. It remains possible that very low levels of recombination do take place before replication, but there is certainly no rapid accumulation of recombinant product, as would be expected from the transformation experiments with naked DNA. The second possibility is that the restriction sites used as markers in the recombination assay lie in the major late transcription unit and thus could be exposed to the action of the recombination machinery only at late times. There is now abundant evidence from eukaryotic systems that transcription can stimulate recombination (reviewed in references 6 and 30). However, tests with restriction sites that lie in early regions Elb and E2b reveal no earlier onset of recombination (data not shown). Thus, we conclude that adenoviral genomes, unlike transfected DNA, are refractory to recombination or are otherwise protected from cellular recombination functions at early times. The basis for this is not known but could reflect aspects of the nucleoprotein structure of the adenovirus genome prior to replication.
All of the eukaryotic DNA-containing viruses exhibit high rates of recombination, yet so far, viral recombination functions have been demonstrated only in the poxviruses (4, 10, 19) , although their identity has not been determined. Because poxvirus recombination takes place in the cytoplasm, recombination would be expected to require the expression of viral genes. On the other hand, in the nuclear DNA-containing viruses, recombination may be a consequence of cellular repair enzymes acting on the novel substrates presented by viral DNA replication. With the development of completely defined in vitro DNA replication systems for both adenovirus and simian virus 40 (reviewed in references 8 and 31), it may be possible to exploit them to study the molecular mechanisms involved in cellular DNA repair.
